Although it is commonly accepted that dissolved organic carbon (DOC) of algal origin limits bacterial growth in pelagic systems, there arc relatively few empirical studies documenting this effect. Depending on site and season, both organic and inorganic nutrients can limit the growth of freshwater bacteria. By contrast, inorganic nutrients have only recently been implicated as potentially growth-limiting for marine bacteria. At stations in the Gulf Stream, Sargasso, and Caribbean seas, we used a factorial experimental design to examine effects of inorganic (NH,, and PO,) and organic (glucose) nutrients on the uptake of thymidine and leucine and changes in bacterial abundance. Bacterial growth in seawater dilution cultures varied with station and treatment. Growth rates for the unamended controls (mean 2 SD = 0.11 +_ 0.02 d-l) were not significantly different among the stations or from the in situ rates. In the Caribbean Sea, additions of NH, and PO, resulted in a modest increase in growth rate (p = 0.20-0.35 d--l), whcrcas glucose, either alone or in combination with PO, and NH,, resulted in the largest increase (p = 0.50-0.55 d-l). By contrast, in the Gulf Stream and Sargasso Sea, the addition of glucose, either alone or in combination with NH,,, resulted in the smallest increase in growth rate (F = 0.2-0.4 d I), whereas the addition of PO.,, either alone or in combination with glucose and NH,, resulted in the largest increase (p = 0.55-0.60 d-l). Growth rates in the PO,,-amended seawalcr culture were 5-6-fold greater than the controls, suggesting that ambient concentrations of labile DOC were sufficient to sustain vigorous growth. We propose that PO, limitation or' bacterial growth may directly influence the accumulation of DOC in the surface layer and thus have a significant impact on carbon cycling in the sea. If bacterial growth were not constrained by inorganic nutrients, more DOC could be assimilated into bacterial biomass and subsequently transferred to protistan and metazoan grazers. At the third trophic step beyond bacteria, >90% of the DOC initially assimilated would be released as CO, and <5% would be transferred to mesozooplankton and hence converted into exportable biomass. Thus, when bacterial growth is P limited, the quantity of biogenic carbon (POC + DOC) exported to depth may be greater than would occur if DOC were first incorporated into bacterial biomass.
The principal factors regulating bacterial growth and abundance are temperature, substrate supply, predation, and viral mortality (Caron 199 1; Ducklow and Carlson 1992; Shiah and Ducklow 1994~~; Fuhrman and Nobel 1995 and references cited therein) . Surprisingly, however, the qualitative and quantitative relationships among these factors arc poorly understood. In temperate and tropical oceans, bacterial activities are normally regulated by temperature when water temperatures are low and by substrate supply, grazer predation, or viral mortality during the warmer periods (Hoch and Kirchman 1993; Shiah and Ducklow 1994b; Felip et al. 1996 and others) . It has been inferred from the positive correlation between phytoplankton and bacterial biomass Acknowledgments This research was supported by National Science Foundation grants (OCE 83-00739, 83-14708, and 85-16214) to R.B.R. Grants Cram the Natural Sciences and Engineering Research Council of Canada (to R.B.R.) were instrumental in completion of this work.
We gratefully acknowledge the help of the captain and crew of RV Cupe Hatteras, and thank D. Gustafson and K. Gloerson for outstanding technical assistance with sample collections and analysis. We thank H. Ducklow for use of his epifluorescent microscope and for many stimulating discussions about microbial ecology. K. Cracker, D. Deibel, and C. Parrish provided helpful comments on the manuscript. and production that phytoplankton exudates are the primary autochthonous source of organic substrates for bacterial growth (Cole et al. 1988) . However, viral lysis of both bacteria and algae and the release of dissolved nutrients by protistan and metazoan grazers (originating from sloppy feeding, excretion, and the leaching and disintegration of fecal pellets) may also be significant mechanisms for the production of dissolved organic and inorganic nutrients (Jumars et al. 1989; Bratback et al. 1994) . Although bacteria must assimilate organic carbon, they can use both inorganic and organic nitrogen and phosphorus and frequently account for a large fraction of PO, and NH, uptake in both freshwater and marine habitats (Currie et al. 1986; Currie 1990; Kirchman 1994) . Studies in fresh water clearly show that bacteria can effectively compete with phytoplankton for these mineral nutrients (Currie and Kalff 1984a;  Vadstein et al. 1988) , however, comparable nutrient competition studies in marine systems are less common (Faust and Correll 1976; Suttle et al. 1990; Hoch and Kirchman 1995) .
Implicit in the apparent positive correlation between phytoplankton and bacterial biomass and production (Cole et al. 1988 ; White et al. 1991 ) is the assumption that bacterial growth in the sea is limited by the availability or quality of dissolved organic carbon (DOC) . Studies in fresh water show that, depending on site and season, organic substrates, such as amino acids or sugars (Berman et al. 1994; Felip et al. 1996) or PO, (Toolan et al. 199 1; Coveney and Wetzel 1992; Morris and Lewis 1992; Felip et al. 1996) limit the growth of bacteria. Indeed, the regulation of freshwater bacterial growth by PO, is not surprising considering the potentially large inputs of allochthonous organic carbon and the importance of inorganic phosphorus in regulating primary production (Wetzel 1983) . Although several investigations in marine systems have shown that DOC additions can stimulate rates of bacterial production (e.g. uptake of radiolabeled thymidine or leucine) or growth (e.g. cell abundances) (Wheeler and Kirchman 1986; Kirchman 1990; Chin-Leo and Benner 1992; Heinanen and Kuparinen 1992; Kirchman et al. 1994; Shiah and Ducklow 1994~; Carlson and Ducklow 1996) , recent studies suggest that, during some seasons, PO, (and at times NH,) rather than DOC limits bacterial activity (Chin-Leo and Benner 1992; Kuparinen and Heinanen 1993; Zweifel et al. 1993; Pomeroy et al. 1995; Thingstad and Rassoulzadegan 1995) . Although these studies implicate inorganic nutrients as potentially growth limiting, their results were, in many cases, equivocal because the experimental matrices were incomplete. For example, in some studies bacterial growth was estimated from thymidine or leucine incorporation rather than from changes in cell abundance (Kirchman et al. 1993; Kuparinen and Heinanen 1993) . In other studies, combinations of inorganic and organic nutrients (e.g. glucose and glucose + NH,) were added rather than testing each nutrient both individually and in combination (Kirchman 1990; Chin-Leo and Benner 1992; Heinanen and Kuparinen 1992; Kuparinen and Heinanen 1993; Zweifel et al. 1993; Pomeroy et al. 1995) . Finally, we are not aware of any study on nutrient-dependent growth of marine bacterioplankton that used a complete factorial matrix as an experimental design and that included both inorganic and organic nutrient treatments.
The surface waters of middle-to low-latitude oceans are dominated by small-celled autotrophs and heterotrophs and are characterized by complex microbial and multivorous food webs, efficient nutrient recycling, and relatively high fluxes and low stocks of dissolved nutrients (Fuhrman et al. 1989; Ducklow and Carlson 1992; Legendre and Rassoulzadegan 1995) . Except during brief periods of deep mixing or upwelling events, the concentration of inorganic nutrients, such as PO, and NH,, are low to undectable and bacteria may compete with phytoplankton for mineral nutrients. As part of a large-scale study of phytoplankton and bacterial production in the Gulf Stream, Sargasso, and Caribbean seas, we asked if the growth of bacterioplankton was limited by organic or inorganic nutrients. By using a factorial experimental design, WC concurrently measured changes in bacterial abundance and thymidine and leucine uptake during time-course incubations in bacterivore-free seawater cultures. Our results show that, in the Sargasso Sea and Gulf Stream, although the addition of glucose enhanced bacterial activity, the availability of PO, was most limiting to bacterial growth. By contrast, in the Caribbean Sea, although PO, slightly stimulated cell growth, bacterial activity was most limited by the availability of DOC. We propose that at least part of the seasonal accumulation of DOC within the euphotic zone of oligotrophic oceans (Carlson et al. 1994; Pomeroy et al. 1995) may be due to the PO, limitation of bacterial growth. Because the seasonal mixing of DOC may be a potentially important mechanism for the transport of atmospheric CO, from the surface layer into the ocean interior, the mineral nutrient status of the bacterioplankton in these regions may directly modulate the magnitude of biogenic carbon fluxes to the deep ocean.
Methods
Sampling-This research was carried out aboard the RV Cape Hatteras between 2 July and 12 August 1988. The cruise track, which included 20 hydrographic and biological sampling stations in the Sargasso and Caribbean seas and the Gulf Stream, is described elsewhere (Ri&in et al. in prep.) . Vertical profiles of temperature, conductivity, and chlorophyll fluorescence were measured with a Neil Brown CTD equipped with a Scatech fluorometer. Water samples for biomass and rate process measurements were collected approximately 1 h before sunrise by using 5-liter Niskin bottles mounted on a General Oceanics rosette sampler. The Niskin bottles were acid-washed and rinsed with deionized water before each cast.
Biomass und production-Replicate 1 -liter samples were collected onto 25-mm glass fiber (Whatman GF/F) filters, homogenized, and extracted in 90% acetone; Chl a and pheopigment concentrations were determined fluorometritally by using a Turner 111 fluorometer equipped with a redsensitive photomultiplier (Rivkin et al. 1989) . Samples for enumerating bacteria were drawn from Niskin bottles and immediately preserved with formaldehyde (2% final concn). Cells were filtered onto Irglan-black-stained 0.2-pm polycarbonate filters, poststained with acridine orange (Hobbie et al. 1977) , and counted by using a Zeiss epifluorescent microscope. For each sample, duplicate filters were prepared and at least 400 cells per sample were counted. All primary and bacterial production experiments were incubated in polycarbonate bottles that were acid (5% HCl)-cleaned and copiously rinsed with deionized water and filtered seawater prior to each use.
Daily primary production was measured for samples collected at depths corresponding to the -100, 60, 35, 20, 12, 6, 3, 1.2, and 0.7% isolumes. Water was drawn from Niskin bottles into replicate 4-liter incubation bottles and NaH1'CO, (ICN, 58 mCi mM-I) was added to a volume-specific activity of 0.08-0.1 @i ml-'. Bottles were incubated for 24 h (starting within 0.5 h of sunrise) in flowing surface seawater with incident insolation attenuated with neutral density filters to the nine noted isolumes. The total 14C activity available for uptake was assessed and replicate 500-750-ml subsamples were collected onto 25-mm GF/F filters at approximately sunset and the following sunrise. Filters were treated with 0.2 N perchloric acid to convert any residual NaH'CO, to 14C0, prior to radioactivity counting (Rivkin et al. 1989) . Daily photosynthesis was estimated from the 24-h incubation.
Incorporation of radiolabeled thymidine (TdR) and leucine (Leu) was determined for water samples collected within the upper 200 m. [Methyl-3H]thymidine (Amersham, 89
Ci mM-I; final concn 5 nM), or [4,5-?H] Leu (ICN, 50 Ci mM I; final concn 10 nM) was added to duplicate 200-ml incubation bottles containing 150 ml of seawater. Initial experiments confirmed that Leu uptake was saturated at 7-10 nM. The total 3H activity available for uptake was assessed from aliquots collected from each incubation bottle at the beginning and again at the end of the incubation. Samples were incubated in the dark at the ambient temperature of the depth of collection (5 I "C). Triplicate 20-ml aliquots were removed immediately after adding the isotope (t = 0) and at the end of the 3-4-h incubation. Particulate material was collected onto 0.2-pm Nuclepore filter, serially rinsed 2X with filtered seawater, 3X with 3 ml of ice-cold 5% trichloracetic acid (TCA), and 1 X with filtered seawater. In the case of Leu, filters were subsequently extracted in 5 ml of hot (95°C) TCA for 1 h and the insoluble residue was collected onto a 0.2-pm membrane filter (Kirchman et al. 1985) . Filters were immediately placed into 7-ml liquid scintillation vials and subsequently counted.
The conversion factors relating cell production to substrate uptake were empirically determined for bacterial populations in the surface mixed layer (usually 5-10 m) and from the depth of the subsurface Chl a maximum (SCM). Seawater dilution cultures (1 : 5 dilution) were prepared by diluting a < 1 .O-pm filtrate (1 part) with 0.2-pm membranefiltered seawater (4 parts). Prior to preparing the seawater cultures, all filters were prewashed with 3-4 liters of deionized (Milli-Q) water to leach organic contaminants. ["H]TdR and [-'H]Leu was added to separate pairs of l-liter incubation bottles containing 900 ml of the dilution culture, and the time-dependent changes in cell abundances and the incorporation of TdR and Leu were determined at -6-h intervals for 24-36 h. All incubations were carried out in the dark at the temperature from the depth of collection. Conversion factors determined by using the integrative and cumulative methods (Ducklow et al. 1992) were similar, hence the cumulative method was used.
Radiation counting-Radioactivity was counted on board ship using a Beckman LClOO or on shore using a Packard Tricarb 460C liquid scintillation spectrometer with Biofluor as a scintillant. All counts were corrected for quench by the external standards method and for background radiation.
Nutrient enrichment experiments-The influence of inorganic and organic nutrients on TdR and Leu uptake (Sta. 9 and 10 only) and bacterial growth rates (Sta. 8, 9, and 10) were examined for samples collected in the upper mixed layer (5-10 m). Seawater dilution cultures were prepared as described above. Because the seawater cultures were bacterivore-free, bacterial growth rates were measured in the absence of grazing mortality. Initial bacterial abundances and rates of [3H]TdR and ["H]Leu incorporation were determined, and 3.5 liters of seawater culture was added to duplicate 4-liter incubation bottles that were amended with the following eight combinations of nutrients: C = no additions; N = 4.3 PM NH,; P = 0.3 PM PO,; G = 5 PM glucose; N and P = 4.3 PM NH, and 0.3 PM PO,; N and G = 4.3 PM NH, and 5 PM glucose; P and G = 0.3 PM PO, and 5 PM glucose; and N, P and G = 4.3 PM NH,, 0.3 PM P04, and 5 PM glucose (see Table 4 ). The molar ratios of the added nutrients were N: P = 14.3, C : P = 100, and C : N = 7.0. All nutrient stocks were prepared in deionized (Milli-Q) water and added to the incubation bottles as 0.5-ml aliquots. To account for nutrient contamination in the deionized water, 1.5 ml of the diluent was added to the unamended control. The 16 bottles were incubated in the dark in flowing surface seawater for 36-48 h. At -12-h intervals, aliquots were withdrawn and bacterial abundances were measured and rates of [3H]TdR and [3H]Leu incorporation were determined during 3-4-h incubations.
Statistical treatment of data-The significance of the different nutrient additions (treatments) was evaluated by analysis of variance (ANOVA) and multiple-range testing. Analysis of covariance is not appropriate for these data because it tests for significant difference in intercept among treatments and assumes that the slopes are not different (Anderson et al. 1980 ). Changes in cell division rates were tested two ways. First, the slopes of the natural logarithm of cell numbers vs. time were compared by using a pairwise t-test to determine if the differences among treatments were significant: Second, because cell numbers increased linearly over the incubation, the cell yield at the end of the expcriment (48 h at Sta. 8 and 9 and 36 h at Sta. 10) was compared by using ANOVA and the Tukey's Studentized range (HSD) test for significance. ANOVA has the advantage of including the data from all time points in the analysis, but it is subject to a higher probability of Type II error. The Tukey's test provides a lower risk of Type II error but uses a smaller data set. Changes in the rates of TdR and Leu incorporation rates were nonlinear over time; thus, differences in treatments were compared at 36 h by using ANOVA and the Tukey's S tudcntized range test.
Results
Depth projiles-To allow the results of the nutrient enrichment experiments to be placed into an environmental context, the vertical patterns of biomass and production were characterized at each station. Vertical profiles of water density structure, Chl a concentration, and bacterial abundance in the upper 200 m in the Caribbean (Sta. 8) and Sargasso (Sta. 9) seas and in the Gulf Stream (Sta. 10) are shown in Fig. 1 . There were pronounced subsurface Chl a maxima between 75 and 120 m. At the Caribbean Sea stations, persistently strong (25-45 knots) westerly winds resulted in a deep mixed layer (90 m) and subsurface Chl a maximum (120 m). In contrast, at stations in the southern Sargasso Sea and Gulf Stream, wind velocities were 5-15 knots and depths of the mixed layer (35 and 25 m, respectively) and subsurface Chl a maxima were shallower (100 and 75 m, respectively). Euphotic zone primary production (Table 1) and concentrations of Chl a in the surface mixed layer, the SCM (Fig. 1) , and integrated through euphotic zone (Table  I) were significantly (P < 0.05) greater in the Gulf Stream than either in the Caribbean or Sargasso seas. Bacterial abundance varied 2-7-fold in the upper 200 m (Fig. l) , and at stations in the Sargasso Sea and the Gulf Stream, bacteria were 2-3 times more abundant above than below the depth Sigma-t Sigma-t Sigma-t of the SCM (F ig. lB,C). The maximum and areal euphotic zone abundances of bacteria were greater (P < 0.05) in the Gulf Stream (810 X 10" bacteria liter-' and 88.8 X lOI* bacteria m-*, respectively) than either in the Caribbean (530 X 10" bacteria liter-' and 82.9 X lOI* bacteria m *, respectively) or Sargasso seas (550 X lo6 bacteria liter -I and 70.8 X lOI bacteria in-*, respectively). In the Caribbean and Sargasso seas, bacterial carbon was 1.3-l .4 times greater than that of phytoplankton, whereas in the Gulf Stream, phytoplankton carbon was approximately twice that of bacterioplankton (Table 1) .
Based upon the short-term photosynthesis-irradiance relationships of phytoplankton collected near the base of the euphotic zone (e.g. 6, 1.2, and 0.7% isolumes; Rivkin in prep.), and the simulated in situ incubations for primary production, we consider the 0.1% (178-191 m) rather than the 1% (107-128 m) isolume to more realistically represent the depth of the euphotic zone. At these stations, a large fraction of the planktonic biomass and production occurred between the 1% and 0.1% isolumes. Phytoplankton biomass and production and bacterial biomass and production was on average 66, 12, 27, and 17% higher, respectively, when integrated to the 0.1% isolume compared with the 1% isolumes.
Bacterial processes-The vertical patterns of TdR and Leu incorporation were generally similar ( Fig. 2A,C,E) ; however, the rate of Leu uptake was 2-15 (mean + SD = 8.7 + 3.4; n = 21) times greater than that of TdR. Maximum uptake rates occurred in the mixed layer ( Fig. 2A,C) , but not usually at the surface ( Fig. 2A,E) or at the depth of highest Table 1 . Dates, locations, and summary of the selcctcd physical and biological characteristics at stations in the Caribbean (Sta. 8) and Sargasso (Sta. 9) seas and in the Gulf Stream (Sta. 10). Biomass and production arc areal estimates for the euphotic zone (down to the depth of the 0.1% isolume). Phytoplankton and bacterial carbon were estimated from Chl a (C : Chl = 50) and bacterial cell abundances (20 fg C cell-'), respectively. bacterial abundance (Fig. 1 ). There was a significant (P < 0.01; n = 60) correlation between volume-specific (r2 = 0.84) and cell-specific (r2 = 0.53) TdR and Leu uptake rates.
Empirically determined conversion factors for both TdR and Leu varied by -3-fold and were greater within the SCM than in the mixed layer and in the Gulf Stream than in the Caribbean and Sargasso seas (Table 2 ). Cell division rates (p-c) computed from the bacterial abundance, TdR and Leu uptake rates, and empirical conversion factors are shown in Fig. 2B,D , and E The vertical patterns of pl.dR and k,cu were generally similar at all stations, with division rates typically being higher within (0.1-0.2 d I) than below (co.05 d-l) the mixed layer (Fig. 2B,D ). An exception to this was in the Gulf Stream (Fig. 2F) where growth rates were highest in the SCM and h,, was greater than P,.~~. The heu : prtlK ratios (mean + SD) were 1.3 + 0.3, 1.0 + 0.6, and 1.9 + 0.3 at Sta. 8, 9, and 10, respectively, with an overall range of 0.4-2.2 and a grand mean for the three stations of 1.3 _+ 0.5 (n = 21). Although the rates of Leu uptake were 2-15 times greater than those of TdR when empirical conversion factors were used to transform substrate uptake into cell production, growth rates estimated from TdR and Leu were generally similar (except for Fig. 2F ). Areal bacterial production, computed from both TdR and Leu, was 45 + 11% (mean ? SD for Sta. 8, 9, and 10) of areal phytoplankton production (Table 1).
Nutrient enrichment experiments-A factorial experimental matrix was used to evaluate the influence of inorganic and organic nutrients on bacterial growth. Initial Chl a concentrations in the seawater cultures were C8 ng liter-' and increased lo-20% during the incubations; therefore, it is unlikely that algal growth influenced bacterioplankton activity. There were significant (P < 0.001) effects of both treatment (e.g. nutrient addition) and site (e.g. station) on the rates of cell division and TdR and Leu incorporation; hence, the data were analyzed stationwise (Tables 3,4 ).
CeZZ division rates-Cell division rates, determined from the time-dependent increase in cell numbers, varied with station and treatment (Fig. 3) . In nearly all cases, a lag phase was not observed and bacterial abundances increased linearly for the duration of the experiment. Growth rates for the unamended controls ranged from 0.09 to 0.13 d I (mean + SD = 0.11 + 0.02) and were not significantly different among the stations. Bacterial growth rates in the control bottles were similar to those estimated from short incubations with TdR and Leu for bacterioplankton in the upper mixed layer (Fig. 2B,D,F) . Amendment with inorganic and organic nutrients, whether as single additions or in combination, usually enhanced cell division rates relative to that of the control, and the response differed among treatments and stations (Table 4 ). In the Caribbean Sea, the addition of NH, and PO, resulted in the smallest increase in growth, whereas glucose either alone or in combination with PO, and NH, resulted in the largest increase (Fig. 3 , Table 4 ). The patterns of rcsponse to nutrient amendments were qualitatively similar at stations in the Sargasso Sea and Gulf Stream. The addition of glucose, either alone or in combination with NH,, resulted in the smallest increase in growth, whereas the addition of P04, either alone or in combination with glucose and NH,, resulted in the largest increase (Fig. 3 , Table 4 ).
Thymidine and leucine incorporation-The influence of N and G, P and G, and N, P, and G on TdR and Lcu incorporation rates were not measured; hence, for substrate uptake, the factorial matrix was incomplete. The initial (time = 0) cell-specific incorporation rates were 0.4-0.5 fm TdR 10" cells h I and 5.7-7.5 fM Leu lo6 cells h -I and were not significantly different (P = 0.05) from the in situ rates. The addition of PO,, glucose, and at times NH, enhanced the uptake rates of TdR and Leu (Fig. 5, Table 4 ). During the 36-48-h incubation, TdR and Leu uptake rates in the nutrient-enriched seawater cultures were 2.5-6-fold greater than that of the control (Fig. 5) .
For one or more of the nutrient treatments, the time-dependent changes in TdR and Leu uptake were nonlinear, hence we compared the response to nutrient additions at the 36-h interval (Table 4) . Although the nutrient-dependent patterns of cell-specific TdR uptake differed from that of Leu, the overall patterns were qualitatively similar between stations (Fig. 5) . The uptake of TdR was not stimulated by NH, at either station (Fig. 5A,C) . The addition of glucose resulted in the smallest increase in TdR uptake, and the addition of P04, either alone or in combination with NH,, resulted in the largest increase in uptake rates ( Fig. 5A,C ; Table 4 ). The uptake of Lcu was stimulated by NH, in the Sargasso Sea but not in the Gulf Stream (Fig. 5B,D) . The addition of glucose resulted in the smallest increase in Leu uptake, and the addition of PO,, either alone or in combination with NH,, resulted in the largest increase in uptake rates ( Fig. 5B,D ; Table 4 ).
Discussion
Despite differences among stations in both the order and magnitude of response, bacterioplankton growth was generally stimulated by the additions of both glucose and PO,. Although both glucose and PO, stimulated bacterial activity at all three sites, based upon the nutrient amendment studies, carbon appeared to be most limiting at the Caribbean Sea station, whereas PO, was most limiting at the Gulf Stream and Sargasso Sea stations (Table 4) . Our experimental matrix included NH, and glucose + NH,, but not an amino acid; Table 4 . Influence of nutrient enrichment on specific growth rate (SGR), and thymidine and leucine uptake by bacterioplankton in the surface mixed layer at stations in the Caribbean (Sta. 8) and Sargasso (Sta. 9) seas and in the Gulf Stream (%a. 10) during July and August. Tukey's Studentized range (HSD) test for significance (P < 0.05) was used for simultaneous multiple comparisons. Within a group, treatments with the same numbers are not significantly different. Cunamended control; P-PO,; N-NH,; G-glucose; N,P-PO, and NH,; P,G-PO, and glucose; N,G-NH, and glucose; P,N, and G-PO,, NH,, and glucose. thus, we cannot completely eliminate the possibility that nitrogen limited bacterioplankton growth. The patterns of utilization of specific organic carbon and nitrogen compounds by bacterioplankton can vary spatially and temporally. For example, in the subarctic Pacific, the addition of glucose or glucose plus NH, sometimes stimulated bacterial production, but the effect was always less than dissolved free amino acids (DFAA) (Kirchman 1990 , Kirchman et al. 1990 ). By contrast, in the Gulf Stream (Wheeler and Kirchman 1986) and the Sargasso Sea (Carlson and Ducklow 1996) , the addition of glucose or glucose + NH, usually stimulated bacterial activity and growth to a much greater extent than DFAA. Based upon the general suitability and importance of NH, as a N source for bacterioplankton (Wheeler and Kirchman 1986; Hoch and Kirchman 1995) , and the fact that the addition of glucose + NH, generally did not enhance growth more than glucose alone, we conclude that bacterioplankton at our study sites were not N limited. The interpretation of nutrient amendment experiments can be influenced by the response variable that is used to evaluate the effects of the amendment. For example, Heinanen and Kuparinen (1992) observed that during the spring phytoplankton bloom, enrichment with NH, and PO, produced a significant increase in bacterial numbers and biomass but no increase in TdR or Leu uptake. Similarly, Carslon and Ducklow (1996) reported that during some experiments, relative to the controls, DFAA stimulated cell growth but not TdR and Leu uptake. In contrast, Shiah and Ducklow (1994a) found that, in the southern Chesapeake Bay, the additions of glucose + NH, and DFAA stimulated cell-specific TdR uptake but not cell growth. In the subarctic Pacific, enrichments with DFAA plus NH, and glucose could stim- ulate a 3-4-fold increase in TdR and Leu uptake, whereas bacterial numbers did not always change (Kirchman 1990) . A different response was observed by Rivkin et al. (1996) for bacterioplankton in the subarctic Pacific where glucose and glutamic acid additions stimulated cell growth, whereas cell-specific TdR and Leu uptake declined. Our study and that of Morris and Lewis (1992) found that TdR and Leu uptake and cell growth were generally in balance. Although it is much more convenient to measure TdR or Leu uptake than bacterial abundances, under changing nutrient (or temperature) conditions, substrate uptake and cell growth may become uncoupled (Karl 1986; Ducklow et al. 1992 ). Thus, TdR or Leu may not always be a reliable proxy for cell growth and assuming that there is a constant proportionality between uptake and growth could lead to misinterpretations of nutrient enrichment experiments.
Although we did not measure DOC concentrations during this cruise, DOC has been characterized in the Sargasso Sea in the vicinity of Bermuda (Carlson et al. 1994; Carlson and Ducklow 1996) , in the Equatorial Pacific (Carlson and Ducklow 1995) , North Atlantic (Kirchman et al. 1991) , and the Mediterranean Sea (Copin-Montegut and Avril 1993). Concentrations in surface waters of oligotrophic oceans vary over a relatively narrow range, typically 60-80 PM. Although most (-70%) of this DOC is thought to be old (~4,100 yr; Bauer et al. 1992 ) and biologically refractory, between 6 and 19% (Sondergaard and Middelboe 1995; Carlson and Ducklow 1996) of the total may be biologically labile (LDOC) and turns over on time scales of hours to days. If we assume that the DOC distribution and the LDOC : DOC ratios at our study sites were similar to other oligotrophic regions, LDOC would be -4-15 PM C. From the euphotic zone estimates of bacterial production (BP; the average of TdR-and Leu-based daily production rates in Table l) , and by assuming a bacterial growth efficiency (BGE) of -14%, which is typical of oceanic bacterioplankton growing on naturally occurring DOC (Carslon and Ducklow 1996) , the bacterial carbon demand (e.g. BP/BGE) was 0.5, 0.4, and 1 .I PM C d I in the Caribbean and Sargasso seas and in the Gulf Stream, respectively. This corresponds to turnover rates for the LDOC pool of 0.03-O. 13,0.03-O. 10, and 0.07-0.27 d-l at Sta. 8,9, and 10, respectively. Although the BGE can vary and is thought to be low (3-9%) for bacterioplankton from oligotrophic ocean (Kirchman et al. 199 1; Hansel1 et al. 1995) , it is often reported to be considerably higher (typically 40-50%; Ducklow and Carlson 1992) . Thus, the bacterial carbon demand and turnover rates may be 2-3-fold lower or higher. Considering that the rates of bacterial production and growth, as well as the relationships between heterotrophic and autotrophic biomass and production are within the range previously reported for oceanic regions (Fuhrman et al. 1989; Ducklow and Carlson 1992; Carlson et al. 1996) , and that a relatively low BGE was used to compute carbon demand, the turnover times (4-32 d) for the LDOC pool were relatively long (Kirchman et al. 1991) . This slow turnover suggests that the LDOC pool size was large relative to the demand and that the stock or rate of supply of LDOC may not have limited bacterial growth. Both PO, and NH, are taken up by bacteria, and based upon the results of this and other studies (Toolan et al. 1991; Morris and Lewis 1992; Heinanen and Kuparinen 1992; Zweifel et al. 1993; Pomeroy et al. 1995) , the availability of PO, has been shown to limit bacterial activity in situ. Indeed, bacteria can dominate PO, uptake in lakes (Currie and Kalff 1984b; Currie et al; 1986; Currie 1990; Cotner and Wetzel 1992) and NH, uptake in many marine habitats (Wheeler and Kirchman 1986; Kirchman 1994; Hoch and Kirchman 1995) . For example, bacteria are responsible for as much as 75% of the planktonic NH, assimilation, and NH, can account for -80% of the total nitrogen (DFAA + NH,) uptake (Wheeler and Kirchman 1986; Kirchman 1994; Hoch and Kirchman 1995) . Although we did not directly measure PO, or NH, uptake by bacterioplankton, the maximum relative uptake by bacteria and phytoplankton can be estimated (Kirchman 1994) by % bacterial uptake = Bact : Prim X (phytoplankton C : N or C : P ratio)/(bacteria C : N or C : P ratio),
where Bact : Prim is the bacterioplankton : phytoplankton production ratio. The C : N and C : P molar ratios can vary and are typically 6 and 106, respectively, for phytoplankton and 4-5 and 7-75, respectively, for bacteria (Caron 1991; Kirchman 1994) . The Bact : Prim ratio, computed for the euphotic zone using the average of the TdR-and Leu-based estimates of bacterial production (Table l) , was 0.44, 0.42, and 0.52, for Sta. 8, 9, and 10, respectively. Bacteria accounted for 60-75% of the NH, uptake and 60-100% of the PO, uptake in the euphotic zone at these three stations. Because heterotrophic bacteria can assimilate organic phosphorus and nitrogen, as well as PO, and NH,, the above percentages of planktonic uptake are maximum estimates. The bacteria : phytoplankton uptake ratios of NH, and PO, increase with decreasing nutrient concentrations, implying that when these nutrients are scarce, bacteria assimilate NH, and PO, more efficiently than do phytoplankton (Suttle et al. 1990; Rothhaupt and Gude 1992; Cotner and Wetzel 1992) . Indeed, bacteria generally have a lower half-saturation constant for PO, uptake than phytoplankton (Currie and Kalff 1984a, b; Cotner and Wetzel 1992) . Thus, when the concentration or supply rate of DOC exceeds bacterial demand, mineral nutrients may become limiting. For example, in the Sargasso Sea, except for a brief period of deep mixing during late winter, the concentrations of PO, and NH, are generally low and frequently below the limit of detection (Rivkin and Swift 1979; Brezinski 1988; Knap et al. 1994; Michaels et al. 1994) . Under these conditions, bacteria may outcompete phytoplankton for low ambient concentrations of PO, or NH, (Parsons et al. 1981) , and the growth of both bacteria and phytoplankton could be limited by the availability of the same nutrient. In the Sargasso Sea (Rivkin and Swift 1979; Rivkin unpubl.) and other oligotrophic regions (Perry 1972 (Perry , 1976 , phytoplankton are reported to have high levels of alkaline phosphatase activity, suggesting that PO, may have been growth limiting. At stations in the Gulf Stream and Sargasso Sea, the addition of PO, (either alone or in combination with NH, or glucose) significantly increased bacterioplankton growth rates (Table 4) . If the growth characteristics of the bacteria in situ resemble those in the seawater cultures, then during summer in the Sargasso Sea and Gulf Stream, bacterioplankton growth can be severely limited by PO,. In contrast, DOC rather than PO, seemed to stimulate the bacterial activity in the Sargasso Sea near Bermuda during January (Carlson and Ducklow 1996) ; thus, the type and magnitude of nutrient limitation may show seasonal and spatial differences.
Organic carbon limitation of bacterial activity can be assessed directly from nutrient amendment experiments (Kirchman 1990; Kirchman et al. 1993 ; Carslon and Ducklow 1996 and others); however, it is typically inferred from the significant correlation between bacterial and algal biomass and production (Cole et al. 1988; White et al. 1991 ). However, a correlation does not unequivocally prove a causal relationship. For example, if both bacteria and phytoplankton were constrained by the availability of the same resource, their biomass and production would covary and be correlated. In the Sargasso Sea, this resource may be P04, in which case a correlation between phytoplankton and bacteria would be indirect and not causal. For example, Morris and Lewis (1992) reported a significant and positive correlation between phytoplankton and bacterial biomass and production despite nutrient enrichment studies showing that bacteria were limited, for most of the year, by phosphorus, not carbon. Moreover, although we show that bacterioplankton at stations in the Gulf Stream and Sargasso Sea were PO, limited during summer, there was a significant and positive correlation between phytoplankton and bacterial biomass (Fig. 5) . Hence, at the stations where bacteria were P limited, the correlation between the two trophic levels may reflect the control of both phytoplankton and bacterioplankton by PO,. Clearly, inferring a carbon limitation of bacterial growth solely from a significant correlation between phytoplankton and bacterial biomass and production may be tenuous.
The seasonal increase of DOC (from -60-65 to 80 PM) in the upper 100 m of the Sargasso Sea, which typically occurs during periods of high primary production, reflects a decoupling of production and consumption (Carlson et al. 1994; Michaels et al. 1994) . If bacterial growth is indeed carbon limited why does this DOC accumulate? Either the rate of production exceeds that of utilization, the DOC is refractory, or the assimilation of carbon is limited by temperature or the availability of another nutrient. Ambient seawater temperatures in this region are typically >2O"C and would not normally limit bacterial growth (Pomeroy and Wiebe 1993) . In the surface waters of the Sargasso Sea, bacterial abundances and growth rates vary over a relatively narrow range of 4-10 X lo8 bacteria liter-' and -0.08-0.3 divisions d-l (Fuhrman et al. 1989; Ducklow and Carlson 1992; Carlson et al. 1996; Rivkin unpubl.) , and although grazing mortality probably maintains the relatively constant biomass, growth rates should be proportional to the concentration or rate of supply of the limiting nutrient. Carlson and Ducklow ( 1996) reported that during some seasons -6-9% of the DOC in the Sargasso Sea near Bermuda was a biologically labile fraction. Based on the results reported here, the estimated turnover rate of this pool was <O. l-O.2 d I. When 0.3 PM PO, was added to seawater cultures, growth rates increased to 0.6 d-l from -0.1 d-l for the control. This 5-fold increase in growth rate suggests that in the Gulf Stream and Sargasso Sea during summer, there was sufficient LDOC present to sustain vigorous bacterial growth. We propose that during some seasons at least part of the decoupling of production and consumption of DOC may be due to the PO, limitation of bacterial growth. A similar conclusion was reached by Pomeroy et al. (1995) for the Gulf of Mexico where PO,-limited bacterial growth reduced the utilization of DOC and DFAA and permitted the accumulation of DFAA to unusually high (-520-970 nM) concentrations compared to other times of year (-22-45 nM) .
What is the potential impact of inorganic nutrient limitation of bacterial growth on carbon cycling in the sea? The fraction of dissolved and particulate biogenic carbon that is not remineralized to CO,, or rapidly sinks out of the euphotic zone, may be exported to depth during periods of deep mixing. The export of DOC, which can equal or exceed particulate fluxes, is potentially an important mechanism for the transport of carbon into the ocean interior (Copin-Montegut and Avril 1993; Carlson et al. 1994) . If bacterial growth is constrained by inorganic nutrients (or temperature), a smaller fraction of ambient DOC would be assimilated by bacteria and subsequently transferred to protistan and metazoan grazers than would otherwise occur under conditions of C limitation. At each step in this trophic transfer, there would bc a significant (nominally 40-50%) remineralization of organic carbon to CO, (Jahnke and Craven 1995) . At the third trophic step beyond bacteria (bacteria + flagellates + ciliates + mesozooplankton), >90% of the DOC initially assimilated by bacteria would be released as CO, and <5% would be transferred to mesozooplankton and hence converted into exportable biomass (in the form of fecal material, soma, or feeding webs). At seawater temperatures in the Sargasso Sea, much of the CO, produced by this microbial activity would be outgassed to the atmosphere. Thus, when bacterial growth is constrained by inorganic nutrients, the quantity of biogenic carbon (POC + DOC) exported to depth may indeed be greater than would occur if DOC were first incorporated into bacterial biomass. Based upon a conceptual food-web model, Thingstad and Rassoulzadegan (1995) reached a similar conclusion of the P-limited Mediterranean Sea (also see Thingstad et al. 1997) . It thus appears that inorganic nutrient limitation of bacteria may at times directly control the uptake of DOC, the accumulation and stock DOC, and thus indirectly influence the sequestration of' atmospheric CO, into the ocean interior.
